The interleukin-12 and gamma interferon (IFN-␥) pathway of macrophage activation plays a pivotal role in controlling tuberculosis. In the murine model, the generation of supplementary nitric oxide by the induction of the nitric oxide synthase 2 (NOS2) gene product is considered the principal antimicrobial mechanism of IFN-␥-activated macrophages. Using a low-dose aerosol-mediated infection model in the mouse, we have investigated the role of nitric oxide in controlling Mycobacterium tuberculosis in the lung. In contrast to the consequences of a systemic infection, a low dose of bacteria introduced directly into the lungs of mice lacking the NOS2 gene is controlled almost as well as in intact animals. This is in contrast to the rapid progression of disease in mice lacking IFN-␥ or a key member of the IFN signaling pathway, interferon regulatory factor 1. Thus while IFN-␥ is pivotal in early control of bacterial growth in the lung, this control does not completely depend upon the expression of the NOS2 gene. The absence of inducible nitric oxide in the lung does, however, result in increased polymorphonuclear cell involvement and eventual necrosis in the pulmonary granulomas of the infected mice lacking the NOS2 gene.
The interleukin-12 and gamma interferon (IFN-␥) pathway of macrophage activation plays a pivotal role in controlling tuberculosis. In the murine model, the generation of supplementary nitric oxide by the induction of the nitric oxide synthase 2 (NOS2) gene product is considered the principal antimicrobial mechanism of IFN-␥-activated macrophages. Using a low-dose aerosol-mediated infection model in the mouse, we have investigated the role of nitric oxide in controlling Mycobacterium tuberculosis in the lung. In contrast to the consequences of a systemic infection, a low dose of bacteria introduced directly into the lungs of mice lacking the NOS2 gene is controlled almost as well as in intact animals. This is in contrast to the rapid progression of disease in mice lacking IFN-␥ or a key member of the IFN signaling pathway, interferon regulatory factor 1. Thus while IFN-␥ is pivotal in early control of bacterial growth in the lung, this control does not completely depend upon the expression of the NOS2 gene. The absence of inducible nitric oxide in the lung does, however, result in increased polymorphonuclear cell involvement and eventual necrosis in the pulmonary granulomas of the infected mice lacking the NOS2 gene.
Tuberculosis is principally a disease of the lung and is transmitted by aerosol droplets containing only a few bacteria. These infected droplets must be deposited in the alveoli for infection to be established, and thus the exposure of the bacteria to the immune response is limited during the early stages of infection. This discreet entry into the lung means that innate responses must bear the burden of controlling the infection until the acquired response recognizes that infection has occurred. Currently, only two products of the immune response, gamma interferon (IFN-␥) (7) and tumor necrosis factor alpha (2), have been shown to be crucial to the early control of low-dose aerosol infection with virulent Mycobacterium tuberculosis. These two cytokines are known to activate macrophages to a microbistatic and/or microbicidal state.
The exact molecular mechanisms of macrophage activation that limit mycobacteria have not yet been determined. One of the likely mediators of mycobacterial control is the expression of high levels of nitric oxide (28) following induction of the inducible nitric oxide synthase (iNOS) gene (NOS2). This molecule is thought to act in concert with superoxide radicals within acidic phagosomes to generate toxic products capable of limiting the survival and growth of M. tuberculosis. Indeed, studies performed using systemic models of mycobacterial infection confirmed that this molecule is crucial to the containment of systemic M. tuberculosis infection (4, 5, 16) . A potential problem with the relevance of these studies to tuberculosis is that the bacteria are introduced intravenously and become lodged within the liver, spleen, and interstitium of the lung, resulting in an extensive, systemic bacterial infection. This level of infection requires the maximum protective responses of the host and results in a very rapid induction of the acquired immune response (3); neither situation occurs during a natural aerosol infection. In addition, not all strains of M. tuberculosis appear to be susceptible to nitric oxide-dependent toxic products (24) .
In order to confirm a principal role for nitric oxide in controlling mycobacterial growth within the lung, we infected NOS2 gene-disrupted (NOS2-KO) mice with low numbers of M. tuberculosis and followed bacterial growth and granuloma development. Surprisingly, the phenotype for NOS2-KO was one of prolonged bacterial control, which is in stark contrast to the highly susceptible phenotype expressed by mice lacking IFN-␥ (7) or the IFN-␥-stimulated inducer of NOS2 expression, interferon regulatory factor 1 (IRF-1). While mice lacking the NOS2 gene eventually succumbed to infection, they were clearly capable of mediating control of bacterial growth within the lung. Intriguingly, the quality of the granulomas produced by these mice was altered, with increased cellularity and central caseating necrosis.
MATERIALS AND METHODS

Mice and infections.
Mice lacking the NOS2 (15) or IRF-1 (18) gene and C57BL/6 mice were purchased from the Jackson Laboratories (Bar Harbor, Maine). Mice lacking the IFN-␣␤ receptor (IFN-␣␤ R-KO) and their B6/129 controls (19) were bred in-house at Colorado State University from breeders kindly provided by P. Marrack (National Jewish Hospital, Denver, Colo.). Mice were housed in the Biohazard Level 3 facility and given mouse chow and water ad libitum. Infected knockout mice were monitored for failure to thrive and were euthanized when they exhibited signs of weight loss.
A virulent strain of M. tuberculosis (Erdman) was grown from a low-passagenumber seed in Proskauer-Beck liquid media to mid-log phase, aliquoted, and frozen at Ϫ70°C. Mice were infected using a Glas-Col aerosol generator (GlasCol, Terre Haute, Ind.) such that 100 bacteria were deposited in the lungs of each animal. The numbers of viable bacteria in target organs were determined at various time points by plating serial dilutions of organ homogenates on nutrient Middlebrook 7H11 agar and counting colonies after 20 days of incubation at 37°C. A determination of the infecting dose was performed on lungs of mice infected for 1 day. Infection experiments were performed three times, and the statistical difference between the mean bacterial numbers in C57BL/6 and knockout tissues was determined by Student's t test.
Histological analysis. The lower right lobe of each mouse was inflated with 10% neutral buffered saline and processed routinely for light microscopy. Sections were then stained with hematoxylin and eosin. Slides were examined with-out knowledge of the experimental group and were subjectively graded for both quantity and quality of cellular accumulations. Repeat evaluations were performed to confirm that grading was reproducible. In addition, sections from formalin-fixed tissue were prepared as previously described (11) to determine the expression of the NOS2 gene product in situ. Specific staining was confirmed using preimmune rabbit serum.
RESULTS
NOS2
-KO mice can control aerosol infection with M. tuberculosis to a greater degree than IRF-1-KO mice. In order to determine the role NOS2 plays in the control of mycobacterial growth in the lung, mice lacking either the NOS2 or the IRF-1 gene (required for IFN-␥ induction of NOS2 [14] ) were infected via the low-dose aerogenic route. The lack of IRF-1 resulted in the rapid growth of bacteria, with a 580-fold increase over levels in control mice by day 30 and death by day 50 (Fig. 1) . In contrast, control mice and mice lacking the NOS2 gene had similar numbers of bacteria (within two-to threefold) in the lung at day 30 ( Fig. 1) . By day 50, however, the absence of the NOS2 gene resulted in a 22-fold increase from the bacterial burden in control mice (Fig. 1) . This increase did not, however, resemble the increase in either the IRF-1-KO mice observed by us or in the IFN-␥-KO mice reported previously (7) .
As in the lung, the growth of bacteria in the spleen was rapid in the IRF-1-KO mice (log 10 of 7.12 Ϯ 0.31 by day 30) (P Յ 0.05), whereas the growth of bacteria within the NOS2-KO mice was more similar to that seen in the spleens of the C57BL/6 mice (C57BL/6, log 10 of 4.2 Ϯ 0.16; NOS2, log 10 of 4.73 Ϯ 0.21) (P Յ 0.05). The difference between C57BL/6 and NOS2-KO mice increased at day 50, when the log 10 numbers of bacteria in the spleen were 4.22 Ϯ 0.09 and 5.89 Ϯ 0.17, respectively (P Յ 0.05).
To confirm that the defect in the IRF-1-KO mice was not due to the loss of the protective effects of IFN-␣ or -␤, mice lacking the receptor for these cytokines were also infected. These mice did show a slightly reduced ability to limit early bacterial growth but did not demonstrate the profound susceptibility of the IRF-1-KO mice (Fig. 2) .
In an attempt to determine long-term survival of the NOS2-KO mice when infected with M. tuberculosis, mice infected with a low dose of bacteria were monitored for 180 days. As reported above, the NOS2-KO mice were slightly more susceptible with moderately increased bacterial numbers in the lung at day 50 (Table 1 ). All mice survived to day 180; however, by this time the bacterial load in the NOS2-KO mice was considerably higher than in the C57BL/6 mice ( Table 1) . Perhaps the most profound difference between the C57BL/6 and NOS2-KO mice was the high number of bacteria in the livers of the NOS2-KO mice. (IRF-1-KO mice were not included in this study, as by day 50 of the previous study most were failing to thrive and had to be euthanized). NOS2-KO mice generate large, diffuse granulomas in the lung. One acknowledged function of nitric oxide (the product of the NOS2 gene) is as a down regulator of immune function. Once we had determined that the NOS2-KO mouse was not profoundly susceptible to M. tuberculosis infection, we investigated the role of nitric oxide in limiting inflammation within the mycobacterially infected lung. Confirmation of the inability of the NOS2-KO mice to generate the iNOS enzyme was seen in the absence of staining for this enzyme following immunohistochemical analysis (data not shown). C57BL/6 mice ex- pressed the iNOS enzyme strongly throughout infection, as reported previously (11) (data not shown).
Histological analysis revealed that the characters of the IRF-1-KO, NOS2-KO, and C57BL/6 granulomas were different. Thus, while bacterial numbers in the lung were 2.5-fold higher in NOS2-KO and 580-fold higher in IRF-1-KO than in C57BL/6 mice, the granulomatous response in the NOS2-KO mice was more akin to the IRF-1-KO response than to the C57BL/6 response (Fig. 3) . The cellular components of the granulomas were also different, with both the NOS2-KO and IRF-1 lesions containing polymorphonuclear cells (Fig. 3, insets) . Importantly, this increased purulence correlated with the breakdown of the lung architecture and the release of pus in the airways (Fig. 3) .
DISCUSSION
The observations reported here confirm the critical role of the IFN-␥-initiated pathway of macrophage activation in controlling pulmonary tuberculosis. Our data also demonstrate that the principal mediator of this control in the lung is not IFN-␥-induced nitric oxide. Clearly, IFN-␥ serves to activate macrophages to a bacteriostatic state via IRF-1; however, the induction of the NOS2 gene (a known consequence of IFN-␥ induction of IRF-1 [14] ) is not required for this purpose. Although early bacterial control was not totally dependent upon NOS2 gene expression, a clear consequence of the lack of inducible nitric oxide was the altered quality of the granulomatous response in the NOS2-KO mice.
The much-reduced susceptibility of the NOS2-KO mouse compared to that of the IFN-␥-KO mouse following low-dose aerosol infection was surprising, considering the highly susceptible phenotype of the NOS2-KO mouse following systemic infection (16) . The likely explanation for this difference may lie in the differences between the liver (the primary organ in a systemic challenge) and the lung. These two organs have very different responses to mycobacterial infection; in particular, the liver is much more able to control mycobacterial growth than the lung (3, 6, 23) . That the protective response in the liver is dependent upon nitric oxide is seen in the susceptibility of the NOS2-KO mouse to systemic infection (16) and the increased susceptibility of this organ following aerosol infection.
In contrast to the liver, the lung, while able to limit bacterial growth, is unable to reduce bacterial load even with a full complement of immune responses at its disposal (25) . The mechanisms mediating control in the lung are dependent upon IFN-␥ (7) and tumor necrosis factor alpha (2), but the protective mechanism induced by these cytokines is not known. The obvious candidate is the NOS2 gene product, and although NOS2 is expressed in the lung during pulmonary infection (11) , it would appear that this gene product is not the primary protective element induced by IFN-␥ via the IRF-1 pathway.
There are no other IFN-␥-mediated antimycobacterial mechanisms as potent as the production of excess nitric oxide; however, other mechanisms do exist and may play a more dominant role in the lung. It has been shown that while nonactivated macrophages house mycobacteria within nontoxic early endosomes (29, 30) , activation by IFN-␥ results in the maturation of the phagosome (27) . The consequences of this maturation are reduced transferrin trafficking and lower pH, which result in reduced viability of the bacteria (27) . While these toxic effects are not dramatic in vitro, they may serve to restrict bacterial growth within the lung. A second mechanism, which may also limit bacterial growth, is the generation of superoxide, as in vivo studies have identified a limited protective role for this molecule in the lung (1, 8) .
The absence of an acutely susceptible phenotype in the NOS2-KO mouse allowed examination of the role of excess nitric oxide in limiting inflammatory damage in the lung. An important observation reported here is that even when bacterial numbers are similar (day 30 of infection), the granulomas in the NOS2-KO mice are altered in character. This defect is of particular importance in a chronic disease of the lung, such as tuberculosis. Control of the granulomatous response in murine FIG. 3 . Representative photomicrographs (from two experiments) of formalin-fixed sections from the lungs of C57BL/6 (A), NOS2-KO (B), and IRF-1-KO (C) mice aerogenically infected 30 days previously. The granuloma is primarily mononuclear in nature in the lungs of C57BL/6 mice, compared to the neutrophilic accumulation in the lungs of NOS2-KO (B, inset) and IRF-1-KO (C, inset) mice. In both the NOS2-KO and the IRF-1-KO mice, purulent debris can be seen breaking into the airways (B and C, main images). Magnification for main panels, ϫ200; for insets, ϫ1,000.
tuberculosis is important not only in limiting bacterial growth and dissemination but also in limiting damage to the delicate lung tissue (21, 22, 26) . In this regard nitric oxide has been identified as a mediator of hyporesponsiveness during infection (17, 20) . Indeed, in its absence the granulomas induced by Mycobacterium avium are increased in size, with no concomitant increase in bacterial numbers (10, 12, 13) . This role of nitric oxide in controlling cellular responses to mycobacteria has recently been confirmed in systemic Mycobacterium bovis BCG infection, wherein T-cell activation is controlled by IFN-␥-and nitric oxide-dependent apoptosis (9) . These reports and the data reported here strongly support the hypothesis that nitric oxide is instrumental in regulating the cellular response to mycobacterial infection.
It is not the aim of this paper to deny the role of nitric oxide in the antibacterial response of the host. Indeed, this molecule is certainly required for the control of mycobacterial growth. What nitric oxide does not do is mediate all the IFN-␥-and IRF-1-induced antimycobacterial control seen in the mouse lung. Other mechanisms are clearly involved, and improvement in vaccines or immunotherapy will depend upon the identification of these mechanisms.
